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Abstract 
 
ASD is a neurodevelopmental disorder characterized by social deficits, stereotyped and 
repetitive behaviors, and communication deficits while FXS is an X-linked genetic disorder that 
results from expansions of a CGG repeat near the promoter region of FMR1. The current study 
includes school age males with ASD, FXS, and typical development. Measures of motor control, 
communication, repetitive behaviors, and cognitive ability were examined. Anatomical 3 Tesla 
MRI scans were obtained. Gray matter volumes in cerebellar anterior and posterior lobes were 
calculated with the Diedrichsen SUIT toolbox, which uses a probabilistic atlas and semi-
automated pipeline to produce the segmentations. No significant differences between groups 
were found for adjusted mean anterior gray matter volumes (p=0.13). The FXS group had a 
significantly lower adjusted mean posterior gray matter volume than the TYP group (p=0.03). 
Anterior lobe gray matter volumes were not significantly associated with motor skills standard 
scores in ASD, FXS, or TYP groups (p=0.27). Posterior lobe gray matter volumes were not 
significantly associated with communication standard scores in ASD, FXS, or TYP groups 
(p=0.41). Posterior lobe gray matter volumes were not significantly associated with repetitive 
behaviors in ASD, FXS, or TYP groups (p=0.67). These findings indicate that more research 
should be performed to explore cerebellar lobe gray matter volumes associations with the 
behaviors characteristics of ASD and FXS.  
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Cerebellar Volumes in School Age Boys with Autism Spectrum Disorder  
and Fragile X Syndrome 
Autism Spectrum Disorder 
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by 
social deficits, abnormal verbal/nonverbal communication, and repetitive/stereotyped behaviors 
(American Psychiatric Association, 2013). ASD is a phenotypically and clinically heterogeneous 
disorder due to variation in language deficits, motor control deficits, and cognitive ability 
between individuals with ASD (Hazlett et al., 2009). Neuropathological patterns can be 
heterogeneous in ASD, but previous research has found the amygdala and caudate nucleus to be 
enlarged, whereas the corpus callosum reduced in individuals with ASD (Hazlett et al., 2009). 
Additionally, individuals with ASD have been found to have overall larger brain volume, but this 
enlargement is limited to early childhood (Bonilha et al., 2008; Cody, Pelphrey, & Piven, 2002; 
Ecker et al., 2012; Rojas et al., 2006).  
ASD occurs in approximately 1 in 150 children (Amaral, Schumann, & Nordahl, 2008). 
Due to the prevalence of ASD, it is critical to determine new methods of diagnosis at younger 
ages so that early intervention can be started as soon as an individual is expected to be at risk for 
developing ASD later in life. Neuroimaging research on children has also been used to predict 
future diagnosis for children at high risk for developing ASD, using data from brain volumes and 
regions of interest (Hazlett et al., 2017; Shen et al., 2017).    
Fragile X Syndrome 
Fragile X syndrome (FXS) is an X-linked genetic disorder that results from an expansion 
of CGG repeats within the promoter region for the fragile X mental retardation 1 (FMR1) gene 
(Bailey, Hatton, Mesibov, Ament, & Skinner, 2000; Hagerman et al., 2017). The prevalence of 
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the full mutation of FXS in males is approximately 1 in 5000 in the general population 
(Hagerman et al., 2017). Approximately one-third of individuals with FXS are also diagnosed 
with ASD, with as many as 50-60% of males with FXS meeting criteria for ASD, whereas 
approximately 1-4% of cases of ASD are due to FXS (Bailey et al., 2000; Hagerman et al., 2017; 
Hampson & Blatt, 2015; Hazlett et al., 2009). The high comorbidity of FXS and ASD 
demonstrates that it is critical to study these disorders together in behavioral and brain-imaging 
studies focused on developing methods for predicting future diagnosis of ASD.  
The full mutation of FXS occurs when there are more than 200 CGG repeats within the 
promoter region for FMR1 (Hagerman et al., 2017). Individuals with typical development 
possess 30 CGG repeats on their X chromosome (Lightbody & Reiss, 2009). Expansion in this 
region results in methylation of the promoter region, which silences the FMR1 gene (Lee, 
Martin, Berry-Kravis, & Losh, 2016).  Silencing the FMR1 gene results in reduced production or 
loss of fragile X mental retardation protein (FMRP), which is required for typical brain function 
(Bailey et al., 1998; Cornish et al., 2005). FMRP is localized to neuronal cell bodies and 
dendrites for regulation of synaptic function (Lee et al., 2016). An absence of FMRP has been 
linked to abnormal morphology of dendritic spines that prevents the development of a mature 
synapse (Cruz-Martin, Crespo, & Portera-Cailliau, 2010; Hagerman et al., 2017). Low FMRP 
levels are associated with decreased posterior cerebellar vermis volume, worse cognitive deficits, 
and worse aberrant behaviors (Gothelf et al., 2008; Hessl, Rivera, & Reiss, 2004). Additionally, 
FMRP is involved in regulating genes that are implicated in ASD (Lee et al., 2016).   
Moderate to severe cognitive delays (IQ < 70) are exhibited by males with the full 
mutation of FXS and they are often diagnosed with intellectual disability (McDuffie, Thurman, 
Hagerman, & Abbeduto, 2015).  Behavioral characteristics of individuals with FXS may include 
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gaze aversion, social anxiety, perseverative speech, hand biting, hyperactivity, impulsivity, 
impaired attention, and hand flapping (Bailey et al., 1998; Baumgardner, Reiss, Freund, & 
Abrams, 1995; Cornish et al., 2005). Worse visuospatial and executive functioning are 
characteristics exhibited by individuals with FXS compared to typically developed individuals 
(Lee et al., 2007; Mostofsky et al., 1998).   
 Similarities and Differences between ASD and FXS 
Individuals with the full mutation of FXS may exhibit similar behaviors to the behaviors 
characteristic of ASD, such as gaze aversion, social deficits, abnormal communication, and 
social avoidance, which become worse as they age (Hazlett et al., 2009; Lee et al., 2016). 
Behaviorally, individuals with ASD and individuals with FXS have social language impairment 
and score similarly on the Vineland socialization domain (Bailey et al., 2000; Hazlett et al., 
2009; Lee et al., 2016).  
Individuals with both FXS and ASD exhibit worse motor control and muscle tonicity 
than individuals with ASD alone (Bailey et al., 2000). Boys with FXS exhibit anxiety more often 
than boys with ASD after cognitive ability is controlled for (Thurman, McDuffie, Hagerman, & 
Abbeduto, 2014). Anxiety is common to both ASD and FXS, but most severe in individuals with 
both ASD and FXS (Hagerman et al., 2017). Anxiety may play a role in inhibiting social 
interactions within boys diagnosed with FXS (Thurman et al., 2014).   
Individuals with ASD exhibit worse social communication, more frequent verbal 
perseveration, and increased repetitive behaviors compared to individuals with FXS (Bailey et 
al., 2000). On personal–social domains, individuals with ASD score lower than individuals with 
FXS. Individuals with both FXS and ASD have worse communication, cognitive functioning, 
and social communication than individuals with FXS (Bailey et al., 2000; Lee et al., 2016).   
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Cerebellum  
The cerebellum is a brain region involved in motor control, sensory processes, and 
cognitive processes including emotion processing, language, and executive functioning (Allen & 
Courchesne, 2003; Sundberg & Sahin, 2015). Damage to the cerebellum in early development 
has been linked to long-term effects on motor control, cognitive processes, and affective 
regulation (Stoodley, 2016). Damage to the cerebellar vermis results in impaired attention 
modulation, impulsivity, irritability, and disinhibition, which are behavioral difficulties that are 
often observed in individuals with ASD (Schmahmann, 2004). Additionally, mild to moderate 
speech problems, cognitive problems, and ataxia have been linked to hypoplasia of the 
cerebellum (Steinlin, 2008). Due to the associations cerebellar lesions have with behaviors 
similar to behaviors observed in ASD and FXS, it is important to study the role of the cerebellum 
in these disorders. 
 The cerebellum is topographically organized into three lobes and divided further into ten 
lobules with specific regions for language, working memory, executive function, and 
visuospatial performance (Stoodley & Schmahmann, 2010). The lobes of the cerebellum are the 
anterior lobe, posterior lobe, and flocculonodular lobe as shown in Figure 1. The anterior lobe of 
the cerebellum is involved in somatomotor representations and includes lobules I-V (D'Mello, 
Moore, Crocetti, Mostofsky, & Stoodley, 2016). Somatomotor processes involve both the 
anterior lobe and lobule VIII of the posterior lobe (Fatemi et al., 2012; Moore, D'Mello, 
McGrath, & Stoodley, 2017). Deficits in motor control, but not cognition are found following 
lesions to the anterior lobe of the cerebellum (D'Mello, Crocetti, Mostofsky, & Stoodley, 2015). 
 The posterior lobe of the cerebellum is involved in cognitive processes and includes 
lobules VI-IX. The right posterior lobe is connected to regions in the left cerebrum associated 
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with language processes (D'Mello & Stoodley, 2015). Parietal association areas and prefrontal 
regions project input to the posterior cerebellum, and lesions to the posterior lobe can lead to 
language, memory, and executive functioning deficits (D'Mello et al., 2015). Increased gray 
matter volumes in the medial and right posterior lobe of the cerebellum are associated with 
greater executive functioning (Moore et al., 2017). Additionally, gray matter volumes in the 
posterior lobe of the cerebellum are positively correlated with IQ (Moore et al., 2017). Cerebellar 
lobule VII has been found to have reduced gray matter in ASD, along with gray matter 
reductions in Crus I, lobule VIII, and lobule IX (D'Mello et al., 2015). However, lobules VI and 
VII have been reported as enlarged in some cases of ASD (Kaufmann et al., 2003). The 
topographical organization of the cerebellum allows researchers to investigate regions of the 
cerebellum as they would investigate regions of the cerebrum. Specific lobules of the cerebellum 
can be associated with behaviors characteristic of ASD and FXS, as well as typically developed 
controlled groups.  
Structural magnetic resonance imaging studies of FXS have found hypoplasia in the 
cerebellar vermis, which is a structure involved in motor control, language, visual saccades, and 
auditory processing (Hessl et al., 2004). Hypoplasia of the cerebellar vermis in FXS is correlated 
with the absence of FMRP. Abnormal cerebellar vermis structure has been associated with 
attention deficits, language deficits, and repetitive movements in FXS (Hessl et al., 2004). 
Cerebellar posterior vermis volumes in individuals with FXS are positively correlated with 
intelligence, visuospatial ability, and executive function (Cornish et al., 2005). Boys with FXS 
have been found to have significantly smaller posterior superior vermis volumes than boys with 
both FXS and ASD (Hampson & Blatt, 2015).   
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 Individuals with ASD also exhibit decreased cerebellar vermis volumes compared to 
typically developed individuals (Kaufmann et al., 2003). Similar to individuals with FXTAS, 
individuals with ASD have been found to have a decreased count or dysmorphic Purkinje cells in 
the cerebellum (Fatemi et al., 2002; Ritvo et al., 1986). Purkinje cell counts in individuals with 
ASD have been found to be reduced by 24% on average compared to typically developed 
individuals (Fatemi et al., 2002). Purkinje cells aid in establishing patterning of the cerebellum 
during development and can lead to atypical cerebellar circuitry without typical patterning (Ariza 
et al., 2016; Sundberg & Sahin, 2015). Observations of significantly reduced Purkinje cell counts 
in individuals with ASD emphasize the importance of studying the cerebellum in individuals 
with ASD. Understanding the relationship between cerebellar deficits and deficits in the 
cerebrum may aid in earlier prediction of ASD in high risk children or help to generate new 
therapeutic strategies for individuals with ASD.  
Cerebellar lobes are associated with motor control, language, and repetitive behavior, 
which are relevant to the core symptoms of ASD and FXS. During motor tasks, individuals with 
ASD exhibit reduced activation in the anterior lobe of the cerebellum in fMRI studies (D'Mello 
et al., 2015). Additionally, sensorimotor tasks have been related to medial regions of the 
posterior cerebellum (Gizewski, Timmann, & Forsting, 2004).  Regions in both the anterior and 
posterior cerebellum form reciprocal loops with regions of the spinal cord and cerebral cortex 
that are important for sensorimotor control (Stoodley, 2012). Language processes such as verbal 
fluency and semantic processing involve regions of the posterior lobe of the cerebellum (D'Mello 
et al., 2016; Gizewski et al., 2004). Cerebellar dysfunction in individuals with ASD is associated 
with abnormal phrasing, rate of speech, loudness, and pitch (Fatemi et al., 2012).  
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Greater repetitive behaviors are correlated with abnormalities in the posterior cerebellum 
(D'Mello et al., 2015; Lightbody & Reiss, 2009). Worse repetitive and stereotyped behaviors 
have also been associated with decreased gray matter volumes in the anterior lobe of the 
cerebellum in ASD groups (D'Mello & Stoodley, 2015). Reduced gray matter volumes in the 
posterior vermis lobules VI and VII, as well as right Crus I in the posterior lobe are associated 
with increased repetitive behaviors in ASD groups. Regions of the posterior lobe of the 
cerebellum connect to associative and sensorimotor regions of the basal ganglia, which is a 
structure implicated in worse repetitive and stereotyped behaviors in ASD. It is hypothesized that 
these regions of the cerebellum are important for integrating motor and non-motor function 
(D'Mello & Stoodley, 2015). 
The relationship between gray matter cerebellar lobule volumes and the core symptoms 
of ASD has been investigated in children 8 to 13 years of age (D'Mello et al., 2015).  Individuals 
with ASD tend to have decreased gray matter volumes compared to individuals with typical 
development in regions of the posterior lobe of the cerebellum associated with cognitive 
processes (D'Mello et al., 2015). Compared to typically developed children, children with ASD 
exhibited less activity in the cerebellum during social, language, and motor tasks. Children with 
ASD exhibited worse social interaction scores and worse repetitive behaviors with reduced GM 
in regions of the anterior and posterior lobes of the cerebellum (D'Mello et al., 2015).  
 Studying the role of the cerebellum in populations with FXS and ASD is important 
because disruptions in patterning of the cerebellum during development may underlie the core 
symptoms of FXS and ASD. Additionally, studying the cerebellum may lead researchers closer 
to identifying a causal route for ASD that may inform drug treatment studies in patients. For 
example, a drug called rapamycin acts in the cerebellum to recover behavioral deficits in mice 
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that exhibit symptoms similar to behaviors observed in ASD (Fatemi, 2013; Sundberg & Sahin, 
2015; Tsai et al., 2012).  
Questions and Hypotheses  
We ask several questions, which are (1) are cerebellar lobe volumes significantly 
different between school age boys with ASD and FXS, (2) how do cerebellar volumes in ASD 
and FXS relate to motor deficits, (3) how do cerebellar volumes in ASD and FXS relate to 
communication deficits, and (4) how do cerebellar volumetric differences in ASD and FXS relate 
to repetitive behaviors? 
  We hypothesize that (1) cerebellar volumes in the anterior lobe will be significantly more 
reduced in FXS and FXS-ASD than ASD, (2) cerebellar volumes in the posterior lobe will be 
significantly more reduced in ASD than FXS, (3) cerebellar anterior lobe volumes will be 
positively correlated with motor control, and (4) cerebellar posterior lobe volumes will be 
positively correlated with communication, and (5) cerebellar posterior lobe volumes will be 
negatively correlated with repetitive behaviors.   
Methods 
Sample  
Subjects in this study included 25 males with autism spectrum disorder (ASD), 21 males 
with fragile X syndrome (FXS), and 31 males with typical development (TYP) between 4 and 14 
years of age. A majority of participants in this study were non-Hispanic and white in the TYP 
group (1 Hispanic, 27 non-Hispanic, 3 Unknown; 25 White, 3 Black, 1 Asian, 2 more than one 
race), ASD group (2 Hispanic, 17 non-Hispanic, 6 Unknown; 14 White, 8 Black, 3 more than 
one race), and FXS group (21 non-Hispanic; 20 White, 1 Black). The subjects in this study were 
from an existing dataset that combined data collected at the University of North Carolina at 
CEREBELLAR VOLUMES IN BOYS WITH ASD AND FXS 11 
	
Chapel Hill (UNC) and Stanford University. This study investigates subject data from UNC 
exclusively. Two UNC research registry databases were used to recruit children with FXS and 
ASD for this study. The research registry recruited FXS subject on the national level. Specialty 
clinics for pervasive developmental disorders and community clinics referred children with 
autism to the study, after a clinical diagnosis of ASD had been received. Typically developing 
children were recruited from preschools, childcare centers, community media, and a local 
research registry through UNC. Families were screened using a telephone interview for 
exclusionary criteria. Subjects were excluded from this study if they had central nervous system 
problems, congenital heart problems, significant hearing/vision problems, diabetes, had been 
diagnosed with a genetic condition or syndrome, or experienced seizures or other neurological 
disorders. Participants were also excluded if they had a premature birth (before 36 weeks of 
gestation), were of low birth weight (less than 4 lbs 6oz), experienced problems during delivery, 
were exposed to certain drugs while in-utero, or had any metal implants. The human subjects 
Institutional Review Board (IRB) committees at UNC and Stanford approved study protocol.   
Clinical/Cognitive Assessment  
Enrollment of subjects occurred between 4 and 14 years of age. DNA testing using a 
Southern Blot was required to confirm a FMR1 full mutation for inclusion in the FXS group. To 
be included in the FXS group, subjects had at least 200 CGG repeats in the promoter region for 
FMR1. Subjects with ASD had their diagnosis confirmed using the Autism Diagnostic Interview 
– Revised (ADI-R) and the Autism Diagnostic Observation Schedule-Generic (ADOS-G) (Lord 
et al., 2000; Rutter, LeCouteur, & Lord, 2003). The ADI-R is commonly used in research and 
administered by a clinical interviewer to a parent of an individual believed to have autism. The 
ADI-R contains sub domains such language, social interactions, and repetitive/stereotyped 
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behaviors. The ADOS-G involves a trained examiner making an observational assessment of 
behaviors associated with autism. To be included in the ASD group, participants were required to 
have a clinical diagnosis of autism, meet criteria in all domains of the ADI-R and ADOS-G, and 
test negative for the fragile X mutation. The ADI-R and ADOS-G were also used to determine if 
participants in the FXS group met criteria for ASD. For this study, participants with FXS were 
also considered to meet criteria for ASD (FXS+ASD) if they scored above the autism spectrum 
cutoff on both the ADI-R and ADOS-G. Three children had incomplete data and ASD 
classification was met using parent report (of clinical ASD diagnosis) and record review. To be 
included in the typically developing group (TYP), participants must meet the exclusionary 
criteria and not have a family history of ASD or FXS.  
The battery of measures included the Vineland Adaptive Behavior Scales-II (Vineland), 
the Repetitive Behavior Scale – Revised (RBS-R), a standardized neurodevelopmental 
examination, and the Differential Ability Scales-II (DAS-II). The Vineland is a parent interview 
for individuals of all ages. The Vineland was used to measure motor skills and communication 
(Elliot, 2007; Sparrow, Balla, Cicchetti, & Doll, 2005). Subdomains to measure motor skills on 
the Vineland include fine motor skills and gross motor skills. Subdomains to measure 
communication on the Vineland include receptive communication, expressive communication, 
and written communication.  
The RBS-R is a parent questionnaire for children between the ages of 6 and 17 years to 
measure repetitive behaviors (Lam & Aman, 2007). Subscales on the RBS-R include stereotyped 
behavior, self-injurious behavior, compulsive behavior, routine behavior, sameness behavior, and 
restricted behavior, which can be combined for an overall score. The neurodevelopmental 
examination was performed to identify any significant neurological abnormalities in subjects that 
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would be cause for exclusion from the study. One participant in the TYP group did not complete 
a significant number of his questionnaires and was excluded from the study.  
The Differential Ability Scales-II (DAS-II) is a cognitive assessment and provides a 
special nonverbal composite (SNC) standard score, which was used as an approximation of non-
verbal cognitive ability. The DAS-II offers a School Age Battery intended for individuals 
between 7 years and 17 years 11 months of age, as well as an Early Years Battery intended for 
individuals between 2 years 6 months and 6 years 11 months of age. Most participants in this 
study received the School Age Battery of the DAS-II. Four participants in the TYP group, one 
participant in the ASD group, and one participant in the FXS group received the Early Years 
Battery due to their actual age. One participant in the FXS group received the Early Years 
Battery due to delayed cognitive ability. Five participants in the FXS group and two participants 
in the ASD group were unable to complete the DAS-II due to their developmental delay and 
were administered another developmental measure and for this reason not included in the brain 
behavior analyses.  
Adjusted household income was calculated for each participant. The midpoint of each 
family’s total gross household income on the Family Economic/Educational Status and 
Demographic Information (FEES) was divided by the median annual income for the family’s zip 
code. Total gross household income was also collected in telephone screening interview for 
families that did not complete the FEES. Three subjects with ASD and three subjects in the FXS 
group did not report total gross household income and their household income was not estimated.  
MRI Acquisition 
This study followed a cross-sectional design and all data for subjects were collected at 
one time point. The image acquisition for this study was designed specifically for pediatric 
CEREBELLAR VOLUMES IN BOYS WITH ASD AND FXS 14 
	
brains to maximize gray and white matter tissue contrast. We obtained anatomical and diffusion 
weighted imaging (DWI) brain MRI scans using 3 Tesla Siemens Magnetom Tim Trio scanners 
at UNC. All scans were acquired with identical Siemens 12-channel head coils.  MP-RAGE 
sequence:  T1 weighted 3D MP-RAGE sequence: TR = 2400 ms; TE = 3.16 ms; inversion time 
(TI) = 1200 ms; TH = 1 mm; FA = 8 degrees; matrix size = 256x224x192; in plane resolution = 
1.0 x 1.0 mm2 (6:18 min); 192 sagittal images were acquired to cover the entire brain. 3D T2-
weighted turbo spin echo (TSE) sequence:  T2 weighted 3D TSE sequence: TR = 2500 ms; 
TE=497 ms; TH = 1 mm; FA = 120 degrees; and a matrix size = 256x254x192; in plane 
resolution = 1.0 x 1.0 mm2 (4:42 min); 192 sagittal images were acquired to cover the entire 
brain. Reduced phase and partial encoding steps in conjunction with GRAPPA reconstruction are 
used for both the T1 MP-RAGE and 3DT2 to minimize acquisition time. A DTI sequence was 
performed following the TSE sequence but these data were not examined in the study at hand.  
Scans were not obtained from three participants in the ASD group and one participant in 
the FXS group. Two scans could not be used due to a severe artifact or incorrect scan protocol 
being performed in one participant in the TYP group and one participant in the FXS group, 
respectively. Subjects in the TYP group were not scanned under sedation, 16 out of the 22 
subjects in the ASD group were scanned under sedation, and 18 out of the 20 subjects in the FXS 
group were scanned under sedation.  
Image Processing  
Image processing was performed to generate a parcellation of cerebellar lobules to 
measure cerebellar lobule volumes. The Diedrichsen SUIT toolbox was used to calculate grey 
matter volumes in cerebellar lobules (Diedrichsen, 2006; Diedrichsen, Balsters, Flavell, Cussans, 
& Ramnani, 2009). The Diedrichsen SUIT atlas is a probabilistic atlas that is spatially unbiased 
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in MNI space so that cerebellar lobules can be normalized in a nonlinear manner. Using the 
Diedrichsen SUIT atlas allowed for measurement of volumes of the anterior lobe and posterior 
lobe in our subjects. The cerebellum was isolated from the cerebrum in each subject image using 
a mask that integrated previously generated lobe parcellation and tissue segmentations (Cherel et 
al., 2015; Hazlett et al., 2012). Following isolation of the cerebellum in the T1-weighted images, 
the SUIT atlas was registered to each subject image via non-linear deformation (Avants et al., 
2011). The automated parcellation was manually checked for accuracy using ITK-SNAP 3.2 
(Yushkevich et al., 2006).  
The boundary between the anterior lobe and posterior lobe was the primary fissure of the 
cerebellum, which is located between lobule V and lobule VI. The boundary between the 
posterior and flocculonodular lobe was the posterolateral fissure, which is located between 
lobule IX and lobule X of the cerebellum. The primary and posterolateral fissures are labeled in 
Figure 1. The anterior lobe was measured by combining SUIT atlas labels for right and left 
lobules I-V. The anterior vermis was included in the anterior lobe of the cerebellum due to its 
small size. Each hemisphere of the posterior lobe was measured by combining the SUIT atlas 
labels for lobules VI-IX. The posterior vermis was not included in total posterior lobe volume. 
Additionally, the posterior cerebellum was segmented into the left and right hemisphere along 
the edges of the posterior vermis.  
The potential outliers for cerebellar anterior, posterior, right posterior, left posterior, and 
posterior vermis volumes were examined for lobe parcellation, tissue segmentation, and 
cerebellar lobe parcellation. Potential outliers were also tested for Cook’s Distance. No potential 
outliers were found to have errors in lobe parcellation, tissue segmentation, or cerebellar lobe 
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parcellation, and were therefore not excluded as true outliers. No potential outliers met the test 
for Cook’s Distance, and were not deemed true outliers.  
Total cerebrum volume (TCV) was used as a covariate in this study to control for 
differences in brain size between groups. TCV includes total gray and white matter in the 
cerebrum. TCV was calculated generating a mask that combined previously generated lobe 
parcellation with tissue segmentations (Cherel et al., 2015; Hazlett et al., 2012). Potential outliers 
for TCV were examined for lobe parcellation and tissue segmentation then tested for Cook’s 
Distance. None of the potential outliers for TCV were excluded as true outliers following 
examination and statistical testing.  
Statistical Analyses 
We hypothesized that cerebellar lobe volumes are significantly different between school 
age boys with ASD and FXS. To test this hypothesis, analysis of covariance (ANCOVA) was 
used to determine statistically significant differences in cerebellar volumes between groups. 
ANCOVA was performed using RStudio to determine if there were gray matter volumetric 
differences between FXS, ASD, and TYP groups for the total cerebellum, total anterior lobe, 
total posterior lobe, right posterior lobe, left posterior lobe, and posterior vermis (RStudioTeam, 
2016). Least square means were generated for each region to adjust for age and TCV. 
Additionally, Tukey multiple comparisons of means were performed following ANCOVA to 
determine differences between paired groups in each region of interest. Age was used as a 
covariate in this study because gray matter volumes in the cerebellum increase until 
approximately 11 years of age and then they begin to decrease (Moore et al., 2017). The 
participants in this study were enrolled between 4 to 14 years of age, which surround the age at 
which gray matter volumes begin to decline. SNC standard score was not used as a covariate in 
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the ANCOVA for cerebellar lobe volumes because using IQ as a covariate in subjects with 
developmental disorders can remove structural variance inherent to the disorder (Kaufmann et 
al., 2003; Wilson, Tregellas, Hagerman, Rogers, & Rojas, 2009).  
Mean scores were recorded for each group in each behavioral measure explored in the 
multiple linear regressions for cerebellar regions of interest. Tukey multiple comparisons of 
means were performed to determine statistically significant differences between the three groups 
for each of the behavioral measures explored.   
We hypothesized that grey matter volumetric reductions in the cerebellum would 
correlate with motor deficits, language deficits, and repetitive behaviors in school age boys with 
ASD and FXS. To test this hypothesis, multiple linear regression was used to investigate brain-
behavior relationships for motor deficits, language deficits, and repetitive behaviors. Each model 
used group, the volume of the cerebellar region of interest, and an interaction term of the group 
and volume of the cerebellar region of interest as variables. Gray matter volumes in the anterior 
lobe were correlated with motor skills domain standard score on the Vineland with TCV as a 
covariate. In an exploratory analysis, grey matter volumes in the anterior lobe were correlated 
with a gross motor skills raw score on the Vineland with age and TCV as covariates.  
Grey matter volumes in the posterior lobe were correlated with communication score on 
the Vineland with TCV as a covariate. Grey matter volumes in the right posterior lobe were 
correlated with communication score on the Vineland with TCV as a covariate. SNC standard 
score was strongly significantly correlated with communication standard scores on the Vineland 
for the ASD group (n=19, p<0.001, R2=0.67) and the FXS group (n=12, p=0.005, R2=0.56), but 
only moderately significantly correlated with the communication for the TYP group (n=27, 
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p=0.01, R2=0.22). Therefore, SNC standard score was not used as a covariate in the analysis of 
communication scores.  
Grey matter volumes in the posterior lobe were correlated with overall score on the RBS-
R with age, TCV, and cognitive ability as covariates. These correlations were performed for each 
subject group, as well as among all subjects. SNC standard score was not significantly correlated 
with overall score on the RBS-R in the ASD group (n=19, p=0.56, R2=0.03), FXS group (n=12, 
p=0.54, R2=0.07), or TYP group (n=27, p=0.24, R2=0.07). Therefore, SNC standard score was 
used as a covariate in the analysis of repetitive behavior scores.  
Results 
A description of the sample (N, age, nonverbal IQ, TCV) is provided in Table 1. Group 
differences were evaluated for age at time of scan, special nonverbal composite (SNC) standard 
score, and total cerebrum volume (TCV). The TYP group was significantly younger than the 
ASD group (p=0.04), but age differences were not observed between ASD and FXS groups 
(p=0.82) or TYP and FXS groups (p=0.18). The ASD group had a significantly lower SNC 
standard score than the TYP group (p<0.001). The FXS group had a significantly lower SNC 
standard score than the ASD group (p<0.001) and the TYP group (p<0.001). Significant 
differences for TCV were not observed between groups. The ASD group had a greater mean 
TCV than the TYP group (p=0.85). The FXS group had a greater mean TCV than the TYP group 
(p=0.11) and the ASD group (p=0.34).  
Significant differences were not observed in the available data for adjusted income 
estimate, so it was not used as a covariate in statistical analyses. The ASD group had a lower 
adjusted income than the TYP group (p=0.77). The FXS group had a lower adjusted income than 
the TYP group (p=0.13) and the ASD group (p=0.47).   
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Cerebellar substructure volumes  
Means of cerebellar lobe volumes (mm3) adjusted for age and Total Cerebrum Volume 
(TCV) for each group are reported in Table 2. The TYP group had the largest adjusted mean 
volume for total cerebellum gray matter, while the FXS group had the smallest adjusted mean 
volume for total cerebellum gray matter, as shown in Figure 2. The FXS group had a 
significantly lower adjusted mean volume for total cerebellum gray matter than the TYP group 
(p=0.03). Tukey multiple comparisons of means between groups are provided in Table 3. The 
TYP group had the greatest adjusted mean anterior lobe gray matter volume, while the ASD 
group had the lowest adjusted mean anterior lobe gray matter volume, as shown in Figure 3. 
Adjusted mean anterior lobe gray matter volumes were not significantly different between 
groups (p=0.13).   
The TYP group had the greatest adjusted mean gray matter volumes in the total posterior 
lobe, left posterior lobe, and right posterior lobe. The FXS group had the lowest adjusted mean 
gray matter volumes for the total posterior lobe, left posterior lobe, right posterior lobe. The FXS 
group had a significantly lower adjusted mean total posterior lobe gray matter volume than the 
TYP group (p=0.03). The TYP group had a significantly higher adjusted mean right posterior 
lobe gray matter volume than the FXS group (p=0.02). There were no significant differences in 
adjusted mean left posterior lobe gray matter volumes (p=0.53) between groups. Figure 4 
demonstrates posterior lobe gray matter volumes, while Figure 5 demonstrates right posterior 
lobe gray matter volumes. The TYP group had the highest adjusted mean posterior vermis gray 
matter volume and the FXS group had the smallest adjusted mean posterior vermis gray matter 
volume, as shown in Figure 6. The FXS group had a significantly lower adjusted mean posterior 
vermis grey matter volume than the ASD group (p=0.04) and TYP group (p=0.03). There was 
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not a significant difference in posterior vermis grey matter volume between ASD and TYP 
groups (p=0.998).   
Behavioral data 
Means of behavioral subscale scores are reported in Table 4. Subjects with ASD and 
subjects with FXS scored significantly lower than TYP subjects in Vineland motor skills domain 
standard score (p<0.001, p<0.001). Subjects with FXS and ASD did not score significantly 
differently on the motor skills (p=0.54). The FXS group displayed significantly lower gross 
Vineland motor skills raw scores than the TYP group (p=0.01). Significant differences were not 
observed between ASD and TYP groups (p=0.15) or between ASD and FXS groups (p=0.50) for 
gross motor skills. The FXS group displayed significantly lower fine motor skills raw scores than 
the TYP group (p<0.001). Significant differences were not observed between ASD and TYP 
groups (p=0.10) or between ASD and FXS groups (p=0.08) for fine motor skills.  
The ASD group and FXS group scored significantly lower than the TYP group on the 
Vineland communication domain standard score (p<0.001, p<0.001). However, subjects with 
FXS and ASD did not score significantly differently on the Vineland communication domain 
standard score (p=0.22). On the Vineland, the ASD group scored significantly lower on receptive 
communication raw score than the TYP group (p<0.001). On the receptive communication, the 
FXS group scored significantly lower than the TYP group (p<0.001) but did not score 
significantly lower than the ASD group (p=0.54). The ASD group scored significantly lower 
than the TYP group for expressive communication raw score (p<0.001). The FXS group scored 
significantly lower than the TYP group on expressive communication (p<0.001) but did not 
score significantly lower than the ASD group (p=0.45). 
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 On the Repetitive Behavior Scale-Revised (RBS-R), the ASD and FXS groups had 
significantly higher overall scores on the RBS-R than the TYP group (p<0.001, p<0.001), as well 
as significantly greater stereotyped behavior subscale scores than the TYP group (p<0.001, 
p<0.001). The ASD and FXS groups did not significantly differ from each other in their overall 
scores on the RBS-R (p=0.57) or on their stereotyped behavior subscale scores (p=0.69).  
The cerebellum related to motor control  
Anterior lobe and motor skills. Anterior lobe volumes were not significantly associated 
with motor skills score on the Vineland in the ASD, TYP, or FXS group when controlling for 
TCV as shown in Table 5 and Figure 7 (p=0.27). Additionally, the diagnosis term and the 
interaction term of diagnosis by anterior lobe volume were not significantly associated with 
motor skills score. The model for motor skills score by anterior lobe volume was statistically 
significant (p<0.001, Adjusted R2=0.39). 
 Anterior lobe and gross motor control. As indicated in Table 6, a diagnosis of FXS is 
significantly associated with gross motor skills raw score on the Vineland in Model 1 (p=0.012). 
The interaction term between FXS diagnosis and anterior lobe volume was significantly 
associated with gross motor skills in Model 1 (p=0.006). When controlling for TCV and age in 
Model 2, a diagnosis of FXS is trending toward a significant association with gross motor skills 
(p=0.089), and the interaction term between FXS diagnosis and anterior lobe volume has a 
significant association with gross motor skills (p=0.04). Model 2 for gross motor skills by 
anterior lobe volumes was statistically significant (p<0.001, Adjusted R2=0.31). Model 2 is 
plotted in Figure 8, to demonstrate that as anterior lobe volumes increase in the FXS group, gross 
motor skills raw scores decrease. In an exploratory analysis, participants in the FXS group 
without ASD were removed in Model 3. When participants in the FXS group without ASD were 
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grouped separately from FXS+ASD participants, the FXS+ASD group was significantly 
associated with gross motor skills raw score (p=0.03) and the interaction term between 
FXS+ASD diagnoses and anterior lobe volume had significant association with gross motor 
skills (p=0.01). Model 3 for gross motor skills by anterior lobe volumes was statistically 
significant (p<0.001, Adjusted R2=0.37). 
The cerebellum related to communication 
Posterior lobe and communication. Increases in posterior lobe volumes in the ASD 
group were associated with decreases in communication standard scores on the Vineland as 
shown in Figure 9. However, posterior lobe volumes were not significantly associated with 
communication scores on the Vineland in ASD, FXS, or TYP groups. ASD diagnosis was not 
significantly associated with communication scores on the Vineland (p=0.58) and the interaction 
term between ASD diagnosis and posterior lobe volumes was not significantly associated with 
communication scores (p=0.13) when controlling for TCV. FXS diagnosis was not significantly 
associated with communication scores on the Vineland (p=0.41) and the interaction term 
between FXS and posterior lobe volumes was not significantly associated with communication 
scores (p=0.94). As indicated by Model 2 in Table 7, the model for communication score by 
posterior lobe volumes was significant (p<0.001, Adjusted R2=0.73).  
Right posterior and communication. Increases in right posterior lobe volumes were 
associated with worse communication domain standard scores on the Vineland in the ASD group 
and improved communication domain standard scores in the FXS group as demonstrated in 
Figure 10. When controlling for TCV, a diagnosis of ASD was not significantly associated with 
communication scores (p=0.72) and a diagnosis of FXS was not significantly associated with 
communication scores (p=0.40). Right posterior lobe volumes were not significantly associated 
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with communication scores (p=0.50) as indicated in Model 2 of Table 8. Additionally, the 
interaction terms of ASD and right posterior lobe volumes (p=0.21) and FXS and right posterior 
lobe volumes (p=0.997) were not significantly associated with communication scores. The model 
for communication scores by right posterior lobe volumes was statistically significant (p<0.001, 
Adjusted R2=0.72).  
The cerebellum related to repetitive behavior  
Posterior lobe and repetitive behavior. Increases in posterior lobe volumes were 
associated with increased overall score on the RBS-R in the ASD group and decreased overall 
score on the RBS-R in the FXS group as shown in Figure 11. However, posterior lobe volumes 
were not significantly associated with overall score on the RBS-R in the ASD, FXS, or TYP 
groups (p=0.67). Additionally, diagnosis of ASD or FXS were not significantly associated with 
overall score on the RBS-R when controlling for SNC Standard Score, TCV, and age as 
demonstrated by Model 2 in Table 9. The model for overall score on the RBS-R by posterior 
lobe volume was statistically significant (p<0.001, Adjusted R2=0.48).  
Discussion  
In this study, no significant gray matter volumetric differences were found between ASD 
and TYP groups in the total cerebellum, anterior lobe, posterior lobe, or posterior vermis of the 
cerebellum. The FXS group was observed to have significantly lower gray matter volumes in the 
total cerebellum, posterior lobe, right posterior lobe, and posterior vermis than the TYP group 
Additionally, the FXS group had a significantly lower posterior vermis volume than the ASD 
group. The ASD and FXS groups in this study were not significantly different from each other 
on behavioral measures, but did show behavioral deficits in motor control, communication, and 
repetitive behavior domains as compared to the TYP group. Anterior lobe volumes were not 
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significantly associated with motor skills standard scores. However, the FXS group expressed 
differential associations with gross motor skills by anterior lobe volumes. Posterior lobe volumes 
were not significantly associated with communication scores. Right posterior lobe volumes were 
not significantly associated with communication scores. Posterior lobe volumes were not 
significantly associated with repetitive behaviors in ASD, FXS, or TYP groups.  
We failed to support our hypothesis that the FXS group would have lower anterior 
cerebellar lobe gray matter volumes than the ASD and TYP groups. We also failed to support 
our hypothesis that the ASD group would have lower posterior cerebellar lobe gray matter 
volumes than the FXS and TYP groups. The FXS group was observed to have significantly 
lower gray matter volumes in the anterior lobe and posterior lobe of the cerebellum than the TYP 
group, but they were not significantly lower than the ASD group. The ASD group had lower 
anterior lobe and posterior lobe volumes than the TYP group, but these differences were not 
significant. All three groups expressed variation in each of the regions of interest within the 
cerebellum. It is possible that a larger sample size would have reduced the within group variation 
so that more significant differences between groups would have been observed. 
The volumetric findings of this study are inconsistent with previous findings that report 
regions of the posterior lobe are reduced in ASD males, but consistent with previous findings 
that regions of the posterior lobe are reduced in FXS males when controlling for intracranial 
volume as compared to TYP males between the ages of 6 and 9 years (Kaufmann et al., 2003). 
Previous research studies have not observed significant posterior lobe reductions in subjects with 
both FXS and ASD compared to TYP subjects (Kaufmann et al., 2003). However, our FXS 
group had a high rate of ASD comorbidity and significant results were observed.  
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Behaviorally, the ASD group and FXS group did not perform significantly different on 
Vineland communication standard score, Vineland motor skills standard score, or on RBS-R 
overall scores. However, it is important to consider that a majority of the FXS group met criteria 
for ASD as well. Some researchers argue that individuals with both ASD and FXS have different 
behavioral profiles than individuals with FXS alone (McDuffie et al., 2015). Therefore, 
behavioral differences might not have been detected between FXS and ASD groups due to a high 
comorbidity of ASD in the FXS group.  
 Anterior lobe gray matter volumes were not significantly associated with Vineland motor 
skills standard scores when controlling for TCV in ASD, TYP, or FXS groups. Therefore, we fail 
to support our hypothesis that reduced cerebellar anterior lobe gray matter volumes would be 
correlated with motor control deficits. This finding is inconsistent with previous findings that 
lesions to the anterior lobe of the cerebellum result in motor control deficit (D'Mello & Stoodley, 
2015). Reduced gray matter volumes would be expected to have a similar relationship with 
motor control deficit as lesions to the anterior lobe. ASD and FXS groups did not exhibit 
significant differences in anterior lobe gray matter volumes from the TYP group, which could 
indicate that the gray matter volumes were not significantly atypical in either group to be 
associated with motor control. In future research, it may be important to measure the components 
of motor skills such as fine motor skills and gross motor skills alone, rather than motor skills as a 
general domain. Individuals with ASD or FXS may experience deficits in fine motor skills, gross 
motor skills, or both. Measuring specific components of motor control in brain-behavior 
relationship studies may help to more clearly define the role of the cerebellum in disorders such 
as ASD and FXS, while considering the heterogeneity of these disorders.  
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In an exploratory analysis, we report an association between anterior lobe gray matter 
volumes and Vineland gross motor skills in the FXS group. When controlling for TCV and age, 
FXS diagnosis and the interaction term between FXS diagnosis and anterior lobe gray matter 
volume were significantly associated with gross motor skills scores. Significant association 
between the interaction term and gross motor skills scores indicates that FXS diagnosis is 
differentially associated with gross motor skills scores at different anterior lobe gray matter 
volumes. We report that an FXS diagnosis and the interaction term of FXS and anterior lobe 
volume become more significantly associated with gross motor skills scores when FXS 
participants without ASD were removed. This result implies that anterior lobe volumes are more 
strongly associated with gross motor skills in individuals with both FXS and ASD. This result is 
consistent with previous behavioral findings that individuals with both FXS and ASD have 
worse motor control than individuals with ASD alone, as well as findings that anterior lobe 
volumes are related to somatomotor processes (Bailey et al., 2000; Fatemi et al., 2012; Moore et 
al., 2017). This result was particularly interesting because ASD and FXS groups did not score 
significantly differently on the Vineland gross motor skills raw score. This finding demonstrates 
that individuals with FXS have more severe motor deficits than individuals with ASD or typical 
development. It may be interesting to develop this finding further by measuring the ratio of gray 
matter in the anterior lobe of the cerebellum to gray matter in the primary motor cortex in FXS, 
ASD, and TYP groups.  
 Posterior lobe volumes were not significantly associated with communication standard 
scores on the Vineland when controlling for TCV in ASD, FXS, or TYP groups. Additionally, 
diagnosis was not significantly associated with communication scores for ASD or FXS groups. 
The interaction terms between diagnosis and posterior lobe volume were not significant for 
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either diagnostic group. Although insignificant, it is interesting to note that as posterior lobe 
volumes increase in the ASD group, communication standard scores reduce, but in the FXS 
group the opposite trend is observed. Posterior lobe volumes may be differentially involved in 
each diagnostic group due to opposing trends in communication scores and posterior lobe 
volumes. We failed to support our hypothesis that cerebellar posterior lobe gray matter volumes 
would be associated with communication.  
Findings on the posterior lobe of the cerebellum in this study are consistent with previous 
findings that reduced gray matter volumes in the posterior lobe of the cerebellum in ASD groups 
are not significantly correlated with communication scores on the ADOS-G when controlling for 
total intracranial volume (D'Mello et al., 2015). However, the ADOS-G is an observational 
assessment of behavior and the Vineland is a parent report so communication skills are measured 
differently. This finding demonstrates that future research should aim to use separate behavioral 
measures in their brain-behavior associations than the behavioral measures they use for group 
assignment. Similar to motor skills, it would be interesting to consider expressive and receptive 
communication separately to further investigate these trends. It would also be beneficial to 
consider how the difference between parent report and clinician observation in behavioral 
measures could influence research findings. It is also beneficial to look at smaller regions of the 
posterior lobe and their relationship to communication in ASD, FXS, and TYP groups.  
 Right posterior lobe volumes were not significantly associated with communication 
standard scores on the Vineland when controlling for TCV in the ASD, FXS, or TYP groups. 
Diagnosis of either ASD or FXS was not significantly associated with communication score. The 
interaction terms between diagnosis and right posterior lobe volume were not significantly 
associated with communication scores. Although insignificant, increases in right posterior lobe 
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volumes were associated with decreases in communication scores in the ASD group and 
increases in communication scores in the FXS group as shown in Figure 10. Right posterior lobe 
volumes were investigated separately from posterior lobe volumes due to the contralateral 
connectivity of regions of the posterior lobe of the cerebellum to regions of the frontoparietal and 
temporoparietal lobe for language (Stoodley et al., 2017). Findings in the right posterior lobe for 
communication standard scores are consistent with previous findings that reduced gray matter 
volumes in the right posterior lobe are not significantly correlated with communication scores on 
the ADOS-G in ASD groups when controlling for total intracranial volume (D'Mello et al., 
2015).  
 Posterior lobe volumes were not significantly associated with overall score on the RBS-R 
when controlling for TCV, age, and cognitive ability in the ASD, FXS, or TYP groups. 
Additionally, a diagnosis of either ASD or FXS was not significantly associated with overall 
score on the RBS-R. Therefore, the interaction terms between diagnosis and posterior lobe gray 
matter volumes were not significantly associated with overall score on the RBS-R. This finding 
is inconsistent with previous findings that reduced posterior lobe gray matter volumes are 
correlated with worse repetitive and stereotyped behaviors (D'Mello & Stoodley, 2015). Other 
studies have looked specifically at regions of the posterior vermis associated with repetitive 
behavior rather than the entire posterior lobe (D'Mello et al., 2015). It is possible that this study 
design was limited by an inability to investigate specific lobules of the cerebellum associated 
with repetitive behavior. This study demonstrates that future research should be aimed toward 
investigating the relationships between cerebellar lobule volumes with behavioral measures 
rather than cerebellar lobe volumes for increased specificity.  
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The results of this study also demonstrate that future research should continue to 
investigate the cerebellum as a region of interest in ASD and FXS. Symptoms characteristic of 
ASD and FXS such as motor control deficits are associated with the cerebellum as demonstrated 
in this study. Specifically, the association between anterior lobe gray matter volumes and gross 
motor skills in FXS groups should be further explored. The cerebellum should be considered as a 
region of interest for developing drug therapies that could target core symptoms of ASD and 
FXS.  
Future research should consider incorporating a group with tuberous sclerosis complex 
(TSC) into similar studies. TSC is the result of mutations in Tsc1 or Tsc2, which are genes 
involved in mTOR signaling (Tsai et al., 2012). TSC, similar to FXS, is a genetic disorder with 
high rates of comorbidity with ASD (Hampson & Blatt, 2015). TSC has been used as a model for 
the cerebellar abnormalities found in ASD, due to the autistic-like behaviors that result from 
heterozygous or homozygous loss of Tsc1 in cerebellar purkinje cells of mice (Tsai et al., 2012). 
Synaptic input to purkinje cells can be altered as a result of Tsc1 loss. Reduced excitability in 
purkinje cells could serve as a mechanism for behavioral abnormalities observed in Tsc1 mutant 
mice (Tsai et al., 2012). Rapamycin, an mTOR pathway inhibitor, was administered to attempt 
rescuing behavioral abnormalities in Tsc1 mutant mice. Gait deficits and deficits in a water T-
maze were rescued following rapamycin treatment. Social behavior, including social approach 
was improved with treatment of rapamycin (Tsai et al., 2012). Rapamycin and other drugs that 
act as mTOR inhibitors could have a therapeutic role in the treatment of individuals with autism 
following further research and they also demonstrate the importance of the cerebellum in ASD 
and affiliated disorders.  
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Additionally, increasing the activity of purkinje neurons in right Crus I in the posterior 
lobe of the cerebellum in Tsc1 mutant mice by injecting adeno-associated virus (AAV) Cre-
recombinase-dependent excitatory DREADD (designer receptors exclusively activated by 
designer drugs) (hM3Dq) rescues autistic like behaviors (Stoodley et al., 2017). Stimulating right 
Crus I resolves deficits in social behaviors, but not repetitive behaviors such as increased 
grooming (Stoodley et al., 2017). Additionally, inhibiting purkinje neuron firing in right Crus I 
by injecting AAV containing a Cre-recombinase-dependent inhibitory DREADD (hM4Di) is 
sufficient to cause autistic like behaviors in mutant mice, such as repetitive behaviors and social 
impairment (Stoodley et al., 2017).  
This study was limited by a small sample size that prevented splitting the FXS group into 
two groups of FXS participants with a diagnosis of ASD and FXS participants without a 
diagnosis of ASD. With a larger sample size, the variation within groups may have been reduced 
such that significant differences may have been observed between ASD and TYP groups in 
cerebellar volumetric analyses. Another limitation to this study is that the majority of participants 
in the FXS group had a diagnosis of ASD, which may have added to the overlap between groups 
and prevented finding significant differences or associations. Exploratory analyses of gross 
motor skills indicated that FXS participants with and without ASD would perform differently in 
behavioral measures, indicating that future research should involve a larger sample size that 
allows splitting the FXS group into those with and without ASD. All subjects in this study were 
male, which limits generalizations to females with ASD or FXS. This study improves upon the 
methodology of previous research by using behavioral questionnaires with subdomains designed 
to measure motor control, communication, and repetitive behaviors rather than using behavioral 
measures designed to confirm autism diagnosis when analyzing brain-behavior relationships. 
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Additionally, this study demonstrates the importance of studying FXS and ASD together when 
investigating the cerebellum. Future research is necessary to address the challenges that this 
study and previous research have experienced when investigating the role of the cerebellum in 
ASD and FXS.  
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Appendix 
Table 1. Sample Characteristicsa 
 
Group 
 
Nb 
 
Age (years) M 
(SD) 
 
IQ Estimatec M 
(SD) 
 
Total Cerebrum Volume 
(mm3) M (SD) 
Typically 
Developing 
29 9.19 (2.53) 118.07 (15.17) 1123564 (78163.36) 
Autism Spectrum 
Disorder 
22 11.02 (2.43) 85.05 (21.82) 1136904 (108147) 
Fragile X 
Syndromed 
19 10.54 (2.72) 54.71 (10.65) 1174635 (63619.62) 
a Subjects used in statistical analyses (with sufficient brain and behavioral data collected) 
b All subjects were male 
cIQ estimate from SNC Standard Score on Differential Ability Scales-II (missing data from 5 
FXS participants and 2 ASD participants) 
d16 out of 19 participants with FXS also had ASD 
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Table 2. Adjusted mean volumes (mm3) for cerebellar lobes by group 
Volumes a TYP Mean (SE) 
n=29 
ASD Mean (SE) 
n=22 
FXS Mean (SE) 
n=19 
Total Cerebellum 142634.7 (2009.74) 138305.7 (2280.74) 134234.4 (2455.04) 
Anterior Lobe 18424.6 (315.69) 17605.5 (358.25) 18076.5 (385.63) 
Posterior Lobe 116305.6 (1759.32) 112828.1 (1996.54) 109094.0 (2149.13) 
Left Posterior Lobe 58374.9 (946.78) 56841.4 (1074.45) 55077.5 (1156.56) 
Right Posterior Lobe 57930.8 (857.45) 55986.7 (973.07) 54016.5 (1047.44) 
Posterior Vermis 5936.9 (138.95) 5924.4 (157.68) 5356.1 (169.73) 
a Means adjusted for age and TCV 
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Table 3. Tukey multiple comparisons of means between groups for cerebellar regions of interest 
(p-values)a,b 
 ASD vs TYP FXS vs TYP ASD vs FXS 
Total Cerebellum 0.35 0.03 0.45 
Anterior Lobe 0.22 0.77 0.64 
Posterior Lobe 0.41 0.03 0.41 
Left Posterior Lobe 0.55 0.08 0.51 
Right Posterior Lobe 0.31 0.02 0.36 
Posterior Vermis 0.998 0.03 0.04 
aCerebellar lobe volumes corrected for age and TCV 
bASD (n=22), FXS (n=19), TYP (n=29) 
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Table 4. Mean behavioral scores 
 TYP M (SD) ASD M (SD) FXS M (SD) 
Vineland Adaptive Behavior Scales-IIa 
Communication Domain 
Standard Score 
108.56 (10.31) 70.90 (15.48) 64.12 (10.94) 
Receptive Communication Raw 
Score 
37.41 (2.75) 29.38 (5.94) 27.65 (6.40) 
Expressive Communication Raw 
Score 
104.26 (5.67) 80.57 (28.78) 72.18 (25.27) 
Motor Skills Domain Standard 
Score 
109.96 (10.71) 89.76 (12.63) 85.29 (16.28) 
Gross Motor Skills Raw Score 79.30 (1.49) 76.86 (3.14) 75.24 (7.72) 
Fine Motor Skills Raw Score 68.11 (7.15) 61.57 (11.39) 53.88 (14.39) 
Repetitive Behavior Scale – Revisedb 
Stereotyped Behavior Total 
Subscale Score 
0.05 (0.21) 6.07 (3.37) 5.18 (4.07) 
Overall Score 1.09 (1.60) 31.00 (19.32) 25.45 (17.88) 
aTYP (n=27), ASD (n=21), FXS (n=17) 
bTYP (n=22), ASD (n=15), FXS (n=10) 
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Table 5. Multiple Linear Regression of Anterior Lobe Volume on Motor Skillsa  
 Model 1b Model 2b 
 Estimate (SE) Estimate (SE) 
Intercept 77.92 ** 
(28.79) 
81.14* 
(32.92) 
ASD 17.43 
(35.40) 
17.35 
(35.69) 
FXS 38.89 
(52.05) 
40.27 
(52.89) 
Anterior Lobe 
Volume 
0.001751 
(0.001568) 
0.00186 
(0.001664) 
ASD*Anterior Lobe 
Volume 
-0.002071 
(0.001954) 
-0.002058 
(0.001971) 
FXS*Anterior Lobe 
Volume 
-0.003471 
(0.002833) 
-0.003535 
(0.002873) 
TCV  -0.000004621 
(0.00002227) 
Adjusted R2 0.4042 0.3944 
P-value p<0.001 p<0.001  
aMotor skills measured by motor skills domain standard score on Vineland 
bASD (n=21), FXS (n=17), TYP (n=27) 
***p<0.001, **p<0.01, *p<0.05, •p<0.1 
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Table 6. Multiple Linear Regression of Anterior Lobe Volume on Gross Motor Skillsa  
 Model 1b Model 2b Model 3c 
 Estimate (SE) Estimate (SE) Estimate (SE) 
Intercept 78.06 *** 
(9.123)  
72.32 *** 
(9.702)  
72.62***  
(9.265) 
ASD 1.175 
(11.22) 
-0.4571  
(10.52) 
-0.5026 
(10.04) 
FXS 42.89 * 
(16.49)  
27.93 • 
(16.14)  
 
FXS+ASD   36.71*  
(16.28)  
Anterior Lobe 
Volume 
0.00006776 
(0.0004967) 
-0.0001093  
(0.0004899) 
-0.00009910 
(0.0004677) 
ASD*Anterior Lobe 
Volume 
-0.0002036 
(0.0006192) 
-0.0001913  
(0.0005800) 
-0.0001893 
(0.0005536) 
FXS+ASD*Anterior 
Lobe Volume 
-0.002563 ** 
(0.0008978)  
-0.001803* 
(0.0008733)  
-0.002334 * 
(0.0008823)  
TCV  0.000002842 
(0.000006614) 
0.000002306 
(0.000006333) 
Age  0.6270 ** 
(0.2025)  
0.6404** 
(0.1938)  
Adjusted R2 0.2091 0.3071 0.3686 
P-value 0.001843 p<0.001 p<0.001 
aGross Motor Skills measured by Gross Motor Skills Raw Score on Vineland 
bASD (n=21), FXS (n=17), TYP (n=27) 
cASD (n=21), FXS+ASD (n=12), TYP (n=27) 
***p<0.001, **p<0.01, *p<0.05, •p<0.1 
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Table 7. Multiple Linear Regression of Posterior Lobe Volume on Communicationa  
 Model 1b Model 2b 
 Estimate (SE) Estimate (SE) 
Intercept 77.25* 
(29.96) 
73.91* 
(31.94) 
ASD  23.88 
(38.17) 
21.72  
(39.05) 
FXS -39.69 
(48.23) 
-40.45 
(48.66) 
Posterior Lobe 
Volume 
0.0002715 
(0.0002591) 
0.0002346 
(0.0002854) 
ASD*Posterior Lobe 
Volume 
-0.0005390 
(0.0003322) 
-0.0005214 
(0.0003392) 
FXS*Posterior Lobe 
Volume 
-0.00003320 
(0.0004260) 
-0.00003049 
(0.0004294) 
TCV  0.000006743 
(0.00002106) 
Adjusted R2 0.7298 0.7257 
P-value p<0.001 p<0.001 
aCommunication measured by communication domain standard score on Vineland 
bASD (n=21), FXS (n=17), TYP (n=27) 
***p<0.001, **p<0.01, *p<0.05, •p<0.1 
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Table 8. Multiple Linear Regression of Right Posterior Lobe Volume on Communicationa  
 Model 1b Model 2b 
 Estimate (SE) Estimate (SE) 
Intercept 77.27* 
(34.14) 
75.34 * 
(35.05) 
ASD 18.66 
(40.84) 
15.42 
(42.66) 
FXS -41.33 
(50.42) 
-43.47 
(51.35) 
Right Posterior Lobe 
Volume 
0.0005447 
(0.0005928) 
0.0004537 
(0.0006750) 
ASD*Right 
Posterior Lobe 
Volume 
-0.0009916 
(0.0007138) 
-0.0009375 
(0.0007432) 
FXS*Right Posterior 
Lobe Volume 
-0.00003322 
(0.0008954) 
-0.000003858 
(0.0009081) 
TCV  0.000006353 
(0.00002192) 
Adjusted R2 0.7274 0.7231 
P-value p<0.001 p<0.001 
aCommunication measured by communication domain standard score on Vineland 
bASD (n=21), FXS (n=17), TYP (n=27) 
***p<0.001, **p<0.01, *p<0.05, •p<0.1 
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Table 9. Multiple Linear Regression of Posterior Lobe Volume on Repetitive Behaviora  
 Model 1b Model 2b 
 Estimate (SE) Estimate (SE) 
Intercept 12.44 
(44.60) 
27.05 
(45.70) 
ASD 8.035 
(53.26) 
24.00 
(54.79) 
FXS 95.62 
(75.11) 
52.50 
(83.11) 
Posterior Lobe 
Volume 
-0.00009889 
(0.0003877) 
0.0001837 
(0.0004329) 
ASD*Posterior Lobe 
Volume 
0.0001901 
(0.0004616) 
0.00004448 
(0.0004781) 
FXS*Posterior Lobe 
Volume 
-0.0006517 
(0.0006711) 
-0.0003118 
(0.000737) 
SNC Standard Score  -0.06246 
(0.1283) 
TCV  -0.00003622 
(0.000003041) 
Age  0.08451 
(0.9365) 
Adjusted R2 0.49 0.4799 
P-value p<0.001 p<0.001 
aRepetitive behavior measured by overall score on Repetitive Behavior Scale-Revised 
bASD (n=15), FXS (n=10), TYP (n=22) 
***p<0.001, **p<0.01, *p<0.05, •p<0.1 
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Figure 1. Diagram of the cerebellum with the anterior lobe represented in blue, posterior lobe represented in green, 
and flocculonodular lobe represented in red. The cerebellar vermis is labeled medially. The primary fissure separates 
the anterior lobe from the posterior lobe. The posterolateral fissure separates the posterior lobe from the 
flocculonodular lobe. This image was modified from Stoodley & Limperopoulos  (2016).  
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Figure 2. Dot plot of total cerebellar gray matter volumes (mm3) in TYP, ASD, and FXS groups. Mean total 
cerebellar gray matter volumes were largest in the TYP group and smallest in the FXS group when adjusting for age 
and total cerebrum volume. The FXS group had a significantly smaller total cerebellar gray matter volume than the 
TYP group (p=0.03) but no other significant differences were observed between groups. Each colored point 
represents an individual subject. The black point represents the least square mean for each group with adjustments 
for age and total cerebrum volume. Standard error bars for least square means are represented in black for each 
group.  
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Figure 3. Dot plot of anterior lobe gray matter volumes (mm3) in TYP, ASD, and FXS groups. Mean anterior lobe 
gray matter volumes were largest in the TYP group and smallest in the ASD group when adjusting for age and total 
cerebrum volume. Differences in anterior lobe gray matter volumes were not significant (p=0.13).  
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Figure 4. Dot plot of posterior lobe gray matter volumes (mm3) in TYP, ASD, and FXS groups. Mean posterior lobe 
gray matter volumes were largest in the TYP group and smallest in the FXS group when adjusting for age and total 
cerebrum volume. The FXS group had a significantly lower mean posterior lobe gray matter volume than the TYP 
group (p=0.03). No other significant differences were observed between groups.   
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Figure 5. Dot plot of right posterior lobe gray matter volumes (mm3) in TYP, ASD, and FXS groups. Mean right 
posterior lobe gray matter volumes were largest in the TYP group and smallest in the FXS group when adjusting for 
age and total cerebrum volume. The FXS group had a significantly lower adjusted mean right posterior lobe gray 
matter volume than the TYP group (p=0.02). No other differences were observed between groups in adjusted mean 
right posterior gray matter volumes.  
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Figure 6. Dot plot of posterior vermis gray matter volumes (mm3) in TYP, ASD, and FXS groups. Mean posterior 
vermis gray matter volumes were largest in the TYP group and smallest in the FXS group when adjusting for age 
and total cerebrum volume. The FXS group had a significantly lower adjusted mean posterior vermis gray matter 
volume than the TYP group (p=0.04). The FXS group had a significantly lower adjusted mean posterior vermis gray 
matter volume than the ASD group (p=0.03). A significant difference in adjusted mean posterior vermis gray matter 
volume was not observed between the ASD and TYP groups.  
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Figure 7. Scatter plot of motor skills domain standard score from the Vineland vs anterior lobe gray matter volumes 
in TYP, ASD, and FXS groups. Anterior lobe gray matter volumes were not significantly associated with motor 
skills domain standard scores on the Vineland in any group when controlling for total cerebrum volume (p=0.27). 
ASD and FXS groups had significantly lower motor skills scores than the TYP group (p<0.001, p<0.001).  
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Figure 8. Scatter plot of gross motor skills raw score from the Vineland vs anterior lobe gray matter volumes in 
TYP, ASD, and FXS groups. Anterior lobe gray matter volumes were not significantly associated with motor skills 
domain standard scores on the Vineland in any group when controlling for total cerebrum volume (p=0.82). A 
diagnosis of FXS was trending toward a significant association with gross motor skills raw score on the Vineland 
(p=0.089) when controlling for age and total cerebrum volume. The interaction term between FXS diagnosis and 
anterior lobe gray matter volume was significantly associated with gross motor skills raw score (p=0.04). In FXS 
groups, as anterior lobe volumes increase, gross motor skills raw scores decrease, indicating a negative correlation.  
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Figure 9. Scatter plot of communication domain standard score from the Vineland vs posterior lobe gray matter 
volumes in TYP, ASD, and FXS groups. Posterior lobe gray matter volumes were not significantly associated with 
communication domain standard scores (p=0.41). In the ASD group, as posterior lobe gray matter volume increases, 
communication domain standard scores decrease. In the FXS group, as posterior lobe gray matter volume increases, 
communication domain standard scores increase.  
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Figure 10. Scatter plot of communication domain standard score from the Vineland vs right posterior lobe gray 
matter volumes in TYP, ASD, and FXS groups. Right posterior lobe gray matter volumes were not significantly 
associated with communication domain standard scores when controlling for total cerebrum volume (p=0.50). In the 
ASD group, as right posterior lobe gray matter volume increases, communication domain standard scores decrease. 
In the FXS group, as right posterior lobe gray matter volume increases, communication domain standard scores 
increase.  
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Figure 11. Scatter plot of overall score on the RBS-R vs Posterior Lobe Volumes in TYP, ASD, and FXS groups. 
Posterior lobe volumes were not significantly associated with overall score on the RBS-R when controlling for total 
cerebrum volume, age, and cognitive ability (p=0.67). A diagnosis of ASD was not significantly associated with 
repetitive behavior (p=0.66). A diagnosis of FXS was not significantly associated with repetitive behavior (0.53). As 
posterior lobe volumes increase in the ASD group, repetitive behaviors increase. As posterior lobe volumes increase 
in the FXS group, repetitive behaviors decrease.  
 
 
 
 
 
